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ABSTRACT 
Flooding is an important determinant of plant establishment, as well as planted tree 
survival and growth, in restored floodplain forests. Thus, community assembly in a restored 
floodplain and, ultimately, restoration outcomes are likely constrained by the site’s hydrologic 
regime, along with other abiotic factors including light availability and the distance from 
potential colonization sources. However, trees are often planted in restorations without regard to 
the site’s hydrologic context and do not survive. Therefore, there is a need to understand the 
relative importance of abiotic factors on tree and herbaceous species establishment and growth, 
and there is a need for improved tools for identifying critical abiotic factors during pre-
restoration planning. In order to determine the effect of hydrology and other abiotic conditions 
on plant community assembly, I surveyed plant communities within restored floodplain areas of 
three different ages. I assessed the density and composition of naturally colonizing tree species 
and the cover of herbaceous-layer plant species. I evaluated the relationship between tree and 
herbaceous species establishment and light availability, distance from a nearby seed source, 
elevation and flood regime. In order to determine the effect of hydrology on planted tree 
survival, I planted 400 bareroot tree seedlings of four commonly planted species along a 
hydrologic gradient in a recently restored floodplain. I evaluated the effect of exposure to 
flooding on planted tree survival and growth. I also evaluated the use of soil magnetic 
susceptibility (MS), a proxy for soil drainage (other factors being equal), as an easily measured, 
quantitative predictor of planted tree survival and growth. Lower values of soil MS result from 
long-term reducing (or anaerobic) soil conditions, and so soil MS might provide a guide to match 
individual tree species with site-specific soil moisture regimes during restoration planning. 
Despite the presence of an adjacent mature floodplain forest, passive tree seedling colonization 
in the restored areas was minimal.  In the oldest restored area, tree seedling density increased 
with increasing elevation and decreased with distance from the seed source, suggesting that tree 
colonization was limited by both flooding and dispersal. The responses of herbaceous understory 
species composition to site abiotic conditions varied among the three restored areas, but 
hydrology was the most important predictor of species composition in all areas. In the first year, 
the overall survival rate of the planted tree seedlings was 55%. After two growing seasons, the 
overall survival rate was reduced to 24%. Of the four species planted, Quercus bicolor had the 
highest survival rate, followed by Quercus palustris and Carya illinoensis. None of the Juglans 
nigra seedlings survived to the end of the study. Elevation, along with time and species identity, 
were important predictors of planted tree survival; as elevation increased, probability of survival 
for each of the four species increased. For growth, flood exposure and species identity were the 
best predictors of changes in planted tree height, whereas planted tree diameter was not well 
explained by the measured predictor variables. Soil MS was significantly correlated to both total 
flood duration and elevation. Soil MS was able to predict planted tree survival, with more flood-
tolerant species such as Quercus bicolor surviving in areas with a low soil MS reading, 
corresponding to poorly drained soils. Understanding how tree colonization, planted trees, and 
herbaceous understory vegetation respond to abiotic factors such as flood duration and distance 
from colonization sources, as well as developing tools for identifying critical abiotic factors, will 
allow for more accurate predictions of restoration outcomes and more targeted planting in 
floodplain restorations.  
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CHAPTER 1: ESTABLISHMENT OF PLANT COMMUNITIES ACROSS 
HYDROLOGIC GRADIENTS IN A FLOODPLAIN REFORESTATION SITE 
 
INTRODUCTION 
Floodplain wetlands have become targets for restoration in the temperate regions of 
Europe and North America because they provide an array of valuable ecosystem services 
including timber production, biodiversity support, floodwater storage, water quality 
improvement, fisheries support, and erosion control (Walbridge 1993, Peterken and Hughes 
1995, Mitsch and Gosselink 2007). Plant species, both herbaceous and woody, are often planted 
in floodplain restorations, but intentionally-planted species and individuals are often 
outnumbered by naturally colonizing species and individuals (Matthews and Pociask 2015). This 
is due to poor establishment and survival of planted species (Kruse and Groninger 2003, 
Matthews and Endress 2008), as well as the creation of suitable conditions for colonization (e.g., 
bare substrate) in recently restored sites (Matthews and Endress 2010). For example, in the 
Lower Cache River Watershed in Illinois, USA, due to flood-induced mortality, planted oaks 
(Quercus spp.) composed only of 4% of all tree stems, whereas other naturally colonizing 
species such as Fraxinus lanceolata Marsh., Acer negundo L., and Liquidambar styraciflua L. 
together composed 77% of stems (Kruse and Groninger 2003). Thus, passive restoration via 
natural colonization is an important component of the restoration process and supplements 
intentional plantings, increasing overall species richness in the restored community. The extent 
to which restoration practitioners can rely on passive colonization to achieve specific restoration 
goals is dependent on the site-specific abiotic and biotic factors that control plant colonization 
and establishment.  Here, I evaluate the responses of passively colonizing woody and herbaceous 
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species composition in a restored floodplain to a set of abiotic predictors including flood 
duration, light availability and distance from a nearby seed source. 
Abiotic factors, particularly flood dynamics, are critical determinants of plant community 
assembly in restored floodplains (Keddy 2000, Toth et al. 2002, Mitsch and Gosselink 2007, 
Toth and van der Valk 2012). Hydrologic conditions in floodplains determine the frequency and 
intensity of flood disturbance to the restored area, creating variability in the topography through 
sediment deposition and erosion (Naiman and Decamps 1997). Deposition and erosion, in turn, 
generate new sites for seed germination and establishment in floodplain communities, 
influencing the community composition (Naiman and Decamps 1997, Bendix and Hupp 2000, 
Richardson et al. 2007). 
Passive restoration is dependent on propagule dispersal into a newly restored site.  After a 
natural disturbance such as a major flood or following abandonment of former arable land, 
forested wetlands in the eastern and central United States tend to be dominated by light-seeded, 
wind-dispersed trees such as willows (Salix spp.), eastern cottonwoods (Populus deltoides 
Marsh.), and other pioneer species (Allen 1997, Middleton 2003, Yin et al. 2009). Flowing 
waters are an important mechanism of propagule transport for pioneer species, enabling new 
species to colonize sites (Andersson et al. 2000, Middleton 2000, Leyer 2006, Nilsson et al. 
2010). These same mechanisms are important for passive restoration of floodplain vegetation.  
Nevertheless, compared to readily colonizing pioneer species, hard-mast species such as oaks 
(Quercus spp.) and hickories (Carya spp.) do not easily colonize restorations or naturally 
regenerating forest stands due to their heavy seeds (Shear et al. 1996, Battaglia et al. 2008, Yin et 
al. 2009). 
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In addition to its influence on dispersal, flooding acts as a sieve on species composition 
because very few species can tolerate frequent, deep, or long-duration flood events (Conner et al. 
2002, Mitsch and Gosselink 2007). Prolonged inundation causes anaerobic conditions in root 
tissues, which can result in plant mortality (Armstrong 1978, Osmond et al. 1987, McKevlin et 
al. 1998). As a consequence, floodplain woody vegetation varies along gradients of flood 
frequency, duration, and intensity (Bell 1974, Bell and del Moral 1977, Bell 1980, Adams and 
Anderson 1980, Hupp and Ostercamp 1985, Wall and Darwin 1999, Bledsoe and Shear 2000). 
This results from the fact that different tree species have different survival responses to 
inundation (Keddy and Ellis 1985). Thus, flood exposure, or elevation relative to a nearby river 
or stream, is a strong predictor of woody species composition in floodplain forests (Hall and 
Harcombe 1998, Bendix 1999, Battaglia et al. 2002, Turner et al. 2004, Loučková 2012), and 
flood regimes should have a major influence on restoration outcomes in floodplains.  
Flood frequency, duration, and depth also affect herbaceous species composition in 
floodplain forests (Menges 1986). Flooding can influence the relative importance of different 
functional groups of plants. For example, Menges and Waller (1983) found that perennial forb 
species with competitive strategies dominated in higher elevations where flooding occurred 
infrequently, but where flooding frequency was greater, flood-tolerant sedges and grasses along 
with fast-maturing, annual forbs increased in importance. Similarly, afforested Mississippi River 
Valley tracts that experienced early season drawdowns supported more wetland annual species 
(Fleming et al. 2012, De Steven and Gramling 2013). Hydrology can also influence the dispersal 
of herbaceous species into floodplain forests. For example, isolation from river flooding 
decreased the ability of herbs typical of floodplain forests to colonize reforestation sites in the 
lower Mississippi River Valley (De Steven et al. 2015a). Battaglia et al. (2002) reported that 
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tree-planted floodplain sites, which were not connected to major riverine flows, tended to have 
an understory vegetation composition more similar to moist old-fields. Unlike for tree species, 
however, there are few studies regarding how herbaceous communities develop along 
environmental gradients in floodplain forests (exceptions include Barnes 1978, Menges and 
Waller 1983, Hughes and Cass 1997, Walters 1997, Sluis and Tandarich 2004). Establishing how 
hydrology, in conjunction with other site conditions, determines herbaceous species composition 
is essential for successful restoration in floodplains. 
In addition to hydrology, other site conditions such as distance from seed sources, light 
availability, and herbivory potentially influence tree and herbaceous species establishment and 
survival (Menges and Waller 1983, Lin et al. 2004, Turner et al. 2004). For example, light-
seeded trees, which depend on wind for dispersal, were shown to establish as far as 160 meters 
from the forest edge within 5 to 7 years after initiation of restoration, suggesting that dispersal 
distance is an important constraint on the establishment of forested wetlands (Kruse and 
Groninger 2003). In addition to elevation, abiotic factors such as soil type and light availability 
influence herbaceous understory community composition in naturally occurring floodplain 
forests (Menges 1986, Knutson and Klaas 1997, Grell et al. 2005). Although flooding is the 
primary driver of establishment and survival, these factors are important where flooding may be 
infrequent (Menges and Waller 1983).  
Here, I determine how tree seedling establishment and herbaceous plant species 
composition vary in response to multiple abiotic factors in three areas within a restored 
floodplain mitigation wetland. These three areas are adjacent to each other and were restored at 
three different times using similar restoration techniques, allowing replication of the study across 
three restoration ages. Reliance on passive restoration requires an understanding of the factors 
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that shape the outcome of restoration. Practitioners need to be able to predict the outcomes based 
on site conditions and adjust planting accordingly. I addressed two specific objectives with this 
research. The first objective was to determine how tree seedling establishment varies along 
hydrologic gradients in floodplain restoration sites. I predicted that the density of naturally 
recruiting trees would increase with increased elevation and decreased flooding and decrease 
with increased distance from an adjacent established forest with reproductively mature trees. In 
addition, I predicted that flooding frequency and duration was the principal filter in tree seedling 
establishment. The second objective was to determine how the species composition of the 
herbaceous understory community in floodplain reforestation sites varies with local hydrology 
and light availability. I expected that species composition in the understory would vary primarily 
with flood exposure and secondarily with light availability.  
METHODS 
Study Area 
The project site was the 50.9 ha Sugar Camp Creek floodplain reforestation site in 
Franklin County, Illinois (Figure 1.1, 1.2). The mitigation site was restored in three phases 
(2005, 2009, and 2013) by the Illinois Department of Transportation (IDOT). The oldest 
restoration phase, Phase 0, composed the 8.3-ha southeastern corner of the site and was first 
restored in 2005. Phase 1, which was directly north of Phase 0 and encompassed the northeastern 
section, was restored in 2009. Phase 2, the youngest restored area that composed the entire 
western section of the site, was restored beginning in 2013. To re-establish wetland hydrology in 
the Sugar Camp Creek floodplain, IDOT filled all on-site ditches, blocked outlets to Sugar Camp 
Creek, lowered pre-existing levees along the creek, constructed low berms along the perimeter of  
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Figure 1.1. Map of the Sugar Camp Creek restoration site in Franklin County, IL. The circles 
indicate the locations for the vegetation 1-m
2 
quadrats in each phase.  
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Figure 1.2. Topographic map of the Sugar Camp Creek restoration site in Franklin County, IL. 
The circles indicate the locations for the vegetation 1-m
2 
quadrats in each phase.  
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the site, removed culverts within the site, excavated portions of the site, and installed four fixed-
threshold spillways. Bare root tree seedlings were planted in all three phases using similar 
planting methods (IDOT 2009).  
Illinois Natural History Survey (INHS) scientists found that remnant forest patches to the 
east of the Sugar Camp Creek site contained jurisdictional wetland areas and were of high 
floristic quality (Plocher and Wiesbrook 2004). The soils mapped on the mitigation site range 
from hydric, frequently flooded Bonnie and Wynoose silt loam, to non-hydric Belknap and 
Bluford silt loam (Preloger 2003). Wynoose and Bonnie silt loams are rated as being highly 
favorable for wetland plant growth (Preloger 2003). Prior to becoming modified for agricultural 
activity, the extent of the hydric soil at the Sugar Camp Creek site indicated that the site was a 
wetland area in the past (Pociask and Shofner 2007). Hydrologists at the Illinois State Geological 
Survey (ISGS) have been monitoring ground and surface water elevations at the Sugar Camp 
Creek site since 2005, providing a detailed and precise data record of hydrologic variation.  
Procedures 
In 2014, I established three sampling locations, one in each reforestation phase. Sampling 
locations were intentionally selected so as to span a similar elevation gradient at each of the three 
plots, as determined based on elevation data collected by the ISGS. Soil conditions along the 
gradient ranged from very wet to mesic. Within each sampling location, I established five 100-m 
transects, with five 10-m x 10-m, evenly spaced plots, which alternated from left to right along 
the transects (total of 25 plots per restoration phase). I counted individuals of naturally 
colonizing tree species within each plot, and I excluded planted tree species based on reports 
from the INHS. I also surveyed herbaceous-layer vegetation by visually assessing the cover of 
each species within twenty 1-m
2
 quadrats, evenly spaced along each transect, for a total of 100 
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quadrats per restoration phase. All vascular plant species in the quadrats, except for woody plants 
taller than 1 m, were assigned a cover class (<1%, 1-25%, 26-50%, 51-75%, or 76-100%). In 
addition, I compiled a plant species list during a thorough botanical survey of the adjacent 
remnant forest patch. 
Potential factors that could influence tree establishment and herbaceous vegetation 
composition were measured within each vegetation quadrat. For the tree establishment plots, the 
values of the predictor variables were averaged from the two corresponding herbaceous quadrats 
that were nested within the tree plot. The following predictor variables were included:  
1. The ground elevation at each quadrat location was determined by superimposing the 
point layer for the quadrats (determined by GPS) on a digital elevation model based 
on LiDAR for phases 1 and 2 and photogrammetry for phase 0 (ISGS 2015) and 
using the ‘Extract’ tool in ArcGIS v. 10.1.  
2. Surface-water data were collected at hourly sampling intervals using two pressure 
transducer data loggers across the site. Elevation of surface water data loggers was 
measured using survey grade GPS so that surface water elevation could be calculated. 
Total and consecutive flood duration were determined through interpolation of plot 
elevation and surface water data. Duration (in hours) that water level was above the 
ground elevation at each quadrat was tallied based on the record of calculated surface 
water elevation. Both maximum continuous duration and cumulative duration of 
inundation at each quadrat were tallied for the period from May 2014 to May 2015.   
3. Straight-line distance was measured, using the ‘Point distance’ tool in ArcGIS v. 
10.1, from each quadrat to the edge of the remnant floodplain forest with 
reproductively mature trees that is adjacent to the study site. 
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4. Light penetration through the plant canopy was measured using a LI-COR LI-250A 
Light Meter at 1 m above the ground and at the soil or water surface, depending on 
whether the quadrat was inundated at the time of collection. These readings were then 
relativized to full ambient light, under no canopy vegetation.  
5. Water depth, at the time of the plant survey, was measured as water height in cm in 
the center of each quadrat.  
Statistical analyses 
  Statistical analyses were performed using SAS 9.3 (SAS Institute 2011) and R software 
(R Core Team 2014). Density of naturally colonizing trees (number of individuals per plot) was 
compared to elevation, light, duration of inundation, and distance from the nearby seed source 
using general linear models in SAS (PROC GLM, SAS Institute 2011). Alternative models were 
constructed, and the Akaike Information Criterion, corrected for small sample sizes, (AICc) was 
used to determine which model best explained the density of the naturally colonizing trees 
(Burnham and Anderson 2002). Due to multicollinearity among predictor variables (Table 1.1), I 
did not include all possible combinations of variables in models. Distance to the remnant forest 
was positively and significantly correlated to total duration of inundation as well as consecutive 
duration of inundation. Therefore, I did not incorporate flood duration variables in models that 
included distance to the forest. Alternative models included a null model; models with 
combinations of the main effects of distance to the forest, elevation, light availability at water 
level, light availability at 1 m above ground surface, cumulative duration of inundation, and 
maximum consecutive duration of inundation, and a model including the interaction between 
elevation and distance to the forest (Table 1.2).  
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Table 1.1. Pearson Correlation coefficients among predictor variables for passive tree establishment in Phase 0 
 Seed distance Light at 1 m Light at water level Total duration Consecutive duration 
Light at 1 m -0.219     
Light at water level -0.237  0.981**    
Total duration    0.449*       0.086  0.093   
Consecutive duration    0.481*       0.118  0.110      0.957**  
Elevation -0.064 -0.787**    -0.802** -0.370 -0.388 
Note: Seed distance = distance to nearby mature forest, Total duration = cumulative duration of inundation from May 2014 to May 
2015, Consecutive duration = maximum consecutive duration of inundation from May 2014 to May 2015. Statistically significant 
correlations are bolded. *p-values less than 0.05; ** p-values less than 0.01 
Table 1.2. AIC model selection for passive tree establishment in Phase 0 
Model K N correction AICc ∆AICc Likelihood AICc wi R
2
 
Seed distance + Elevation 3 25 1.14 47.99 0 1 0.661 0.672 
Seed distance + Light at water level + Elevation 4 25 2.00 50.64 2.65 0.266 0.176 0.674 
Seed distance + Light at 1 m + Elevation 4 25 2.00 50.78 2.79 0.248 0.164 0.673 
Total duration 2 25 0.55 67.51 19.51 5.789E-05 3.824E-05 0.490 
Consecutive duration 2 25 0.55 67.18 19.19 6.814E-05 4.501E-05 0.493 
Elevation 2 25 0.55 73.77 25.78 2.519E-06 1.664E-06 0.422 
Seed distance 2 25 0.55 83.90 35.90 1.597E-08 1.055E-08 0.292 
Seed distance*Elevation 2 25 0.55 84.08 36.09 1.458E-08 9.630E-09 0.290 
Light at 1 m 2 25 0.55 94.04 46.05 1.002E-10 6.621E-11 0.133 
Light at water level 2 25 0.55 94.37 46.37 8.513E-11 5.624E-11 0.128 
Null 1 25 0.17 98.81 50.82 9.206E-12 6.082E-12 0 
Note: Seed distance = distance to nearby mature forest, Total duration = cumulative duration of inundation from May 2014 to May 
2015, Consecutive duration = maximum consecutive duration of inundation from May 2014 to May 2015. The models are listed with 
their number of parameters (K), sample size (N), correction factor, AICc, ∆AICc, likelihood, AICc weight (wi) and R
2
.
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The species composition of floodplain forest woody and herbaceous plant communities was 
related to predictor variables using Canonical Correspondence Analysis (CCA). CCA is a direct 
gradient analysis technique in which species composition is directly related to measured 
environmental variables (Palmer 1993). For the CCA of woody species composition, number of 
individuals of each tree species per plot was compared to elevation, light availability, duration of 
inundation, and distance from the nearby seed source. For the CCA of herbaceous understory 
vegetation, the cover for each species in each quadrat was compared to elevation, light 
availability, duration and depth of inundation. I used the cca function in the vegan package in R 
to create the CCA ordinations (Oksanen et al. 2013, R Core Team 2014). All analyses were 
conducted separately for each restoration age (Phases 0, 1, and 2). I described the results using 
only the first two axes of each ordination because the amount of variation in the species data 
explained by the ordinations decreased considerably after the first or second axis in each case. 
RESULTS 
From June 2014 to April 2015, and despite the similar hydrologic gradients among the 
phases, Phase 0 was unexpectedly and deeply inundated, with quadrats ranging from 327 to 333 
total cumulative days of inundation. Phase 1, on the other hand, had a wider range of flood 
durations, with drier areas experiencing 6 days of flooding and wetter areas experiencing up to 
172 days. Cumulative duration of inundation in Phase 2 varied between 55 and 262 days. 
Tree seedling establishment 
The number of naturally occurring tree and shrub species ranged from six in the oldest 
restored phase (Phase 0) to two in the most recently restored phase (Phase 2) (Figure 1.3, 
Appendix A). In contrast to the low species richness in the restorations, I observed 27 tree and 
shrub species in the 10.4-ha, adjacent remnant forest (Figure 1.3, Appendix A). I was only able 
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to analyze passive tree colonization for the Phase 0 plot due to the low numbers of naturally 
colonizing trees in the more recently restored Phases 1 and 2. The dominant colonizer in Phase 0 
was Acer saccharinum L., followed by Salix nigra Marsh. and Ulmus rubra Muhl. The model 
that best explained passive tree density in Phase 0 included the main effects of both plot 
elevation and distance from seed source (the remnant forest) with an AICc corrected weight of 
0.661 (Table 1.2). Distance to nearest seed source was negatively related to density of colonizing 
trees, whereas elevation was positively related to density of colonizing trees (Figure 1.4). The 
gap between 350 and 450 m in distance to nearest seed source in Figure 1.4a was due to the 
placement of the transects in phase 0. Models including the main effects of seed distance, 
elevation, and light availability explained the same amount of variability (R
2
 = 0.67) as the 
model that included only elevation and distance from seed source, but had much lower AICc 
weights (Table 1.2).   
 
Figure 1.3. Number of naturally colonizing tree species in each restored phase (P0, P1 and P2), 
including the remnant forest. The remnant forest acts as a potential seed source for tree 
colonization in the mitigation site. 
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Figure 1.4. Density of naturally colonizing tree individuals regressed on distance to nearest seed 
source (A) and elevation (B). 
 
Tree and shrub species composition was related to abiotic predictors using canonical 
correspondence analysis. A total of 25% of the variation in naturally recruiting woody species 
composition was explained by the CCA. Of the total variation explained, the first axis accounted 
for 59% and the second axis for 18%. Light availability decreased along ordination axis 1, 
whereas distance from seed source increased along axis 1 (Figure 1.5). Flood duration increased, 
and elevation decreased, along ordination axis 2. Neither Acer saccharinum nor Salix nigra 
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density was well explained by the ordination, as evidenced by their location close to the origin. 
Ulmus rubra density was related positively to ordination axis 1 and ordination axis 2, whereas 
Populus deltoides was related negatively to both axes. Cephalanthus occidentalis L. and Celtis 
occidentalis L. were both related positively to axis 1 but negatively to axis 2. Ulmus rubra was 
found in the same ordination space as the two inundation variables, indicating that its density 
was greater in low elevation plots with longer duration flooding. Density of Populus deltoides, 
on the other hand, increased with increasing elevation and shorter duration flooding. Both 
Cephalanthus occidentalis and Celtis occidentalis were found in the same ordination space as 
distance from the nearby seed source, suggesting that their densities were greater in plots that 
were more distant from the mature forest as well as in plots that experienced lower light 
availability.  
 
Figure 1.5. CCA ordination for the composition of naturally colonizing woody species in Phase 
0. Species are labeled in red, whereas plots are labeled in black. Note: AtWaterLvlRatio = light 
at the water (or soil) level, 1mAboveRatio = light at 1 m above the water (or soil) level, and Seed 
distance = distance to nearby mature forest.  
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Herbaceous understory composition 
In the oldest restored phase (Phase 0), there were 29 herbaceous understory species in the 
sampled quadrats, whereas Phase 1 and Phase 2 had greater herbaceous species richness with 71 
and 65 species, respectively. The low species richness in the Phase 0 location may have resulted 
from the consistent inundation during the year of vegetation surveys. Appendix A includes a list 
of herbaceous species from each phase. 
For the herbaceous understory composition in Phase 0, 17.3% of the total variation was 
explained by the constrained ordination, indicating that the specific environmental variables did 
not account for most of the variability in the herbaceous composition. Of the 17.3% of the total 
variation explained, the first axis accounted for 37% and the second axis for 19%. Cumulative 
duration of inundation was strongly and negatively correlated with ordination axis 1, whereas 
light availability at water level was strongly and positively correlated with ordination axis 2 
(Figure 1.6), indicating that, among the abiotic factors included in the analysis, these were the 
most important predictors of the herbaceous community composition in Phase 0. The most 
common herbaceous layer species in Phase 0 were: Fraxinus lanceolata Marsh. seedlings, 
Lemna minor L., Leersia oryzoides L., Apocynum cannabinum L., Panicum virgatum L., 
Campsis radicans Seem., Ceratophyllum demersum L., and Scutellaria lateriflora L. The 
following species were related positively to the first axis, indicating that they were associated 
with shorter duration flooding: Echinochloa muricata P.Beauv., Leersia oryzoides, Ludwigia 
peploides Kunth., Lemna minor, and Panicum virgatum. Cephalanthus occidentalis seedlings, 
Hibiscus lasiocarpos Cav., Carex brachyglossa Mack., and Aster lanceolatus Willd. were all 
related negatively to the first axis, indicating that they were associated with prolonged flooding. 
The distribution of the herbaceous species along the ordination axis was not consistent with 
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established flood tolerances of species (Lichvar et al. 2014); however, Phase 0 was continuously 
inundated during the study period, which may have strongly influenced the results of the 
ordination. The following species were related positively to the second axis, indicating that they 
were associated with high light availability: Fraxinus lanceolata, Phalaris arundinacea L., and 
Ceratophyllum demersum. In contrast, Apocynum cannabinum, Cyperus pseudovegetus Steud., 
Campsis radicans, and Juncus effusus L. were all negatively associated with the second axis, 
indicating a relationship with low light availability. Thus, in the Phase 0 plot, although much of 
the variation in plant community composition was unexplained, total flood duration and light 
availability at the water level were the most important predictors of herbaceous understory 
species composition. 
 
Figure 1.6. CCA ordination plots for herbaceous vegetation composition in Phase 0. The black 
open circles indicate vegetation quadrats along the transects whereas the red pluses indicate 
individual herbaceous species. Species labeled in red were the most common species in quadrats.  
In the Phase 1 plot, only 11.6% of the total variation was explained by the constrained 
ordination, indicating that the measured abiotic factors were not successful at accounting for the 
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variability in the herbaceous composition. Of the total variation explained, the first axis 
accounted for 46% and the second axis for 17%.  As in Phase 0, total duration of inundation was 
negatively correlated with ordination axis 1 (Figure 1.7). In addition, water depth strongly and 
negatively correlated with ordination axis 1 (Figure 1.7). Elevation was strongly and negatively 
correlated with ordination axis 2 in Phase 1 (Figure 1.7). Light availability at water level was 
positively correlated with ordination axis 2, whereas light availability at 1 m above was 
positively correlated with ordination axis 1 (Figure 1.7). The most common herbaceous layer 
species in Phase 1 were Typha angustifolia L., Persicaria hydropiperoides Michx., Echinochloa 
muricata, and Salix nigra seedlings. Typha angustifolia was associated with water depth along 
the first axis, indicating an association with deep, prolonged flooding and low light, and was the 
only species well explained by the ordination. Persicaria hydropiperoides increased with 
increasing elevation but was negatively associated with light at the water (or soil level). 
Phragmites australis (Cav.) Trin. ex Steud., Aster racemosus Elliott., Hibiscus lasiocarpos, and 
Scirpus atrovirens Willd. were also associated with increasing water depth on the first axis. The 
following species were related negatively to the second axis, indicating a positive relationship 
with elevation: Carex squarrosa L., Persicaria hydropiperoides, and Leersia oryzoides. Thus, in 
the Phase 1 plot, water depth and elevation were the most important predictors of herbaceous 
understory species composition. I observed that Phragmites australis had increased in cover in 
this area by the following year. 
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Figure 1.7. CCA ordination plots for herbaceous vegetation composition in Phase 1. The black 
open circles indicate vegetation quadrats along the transects whereas the red pluses indicate 
individual herbaceous species. Species labeled in red were the most common species found in 
quadrats.  
The CCA ordination for the herbaceous understory composition in the Phase 2 plot, the 
most recently restored plot, differed from those for Phases 0 and 1. In Phase 2, none of the 
predictor variables were strongly correlated with the ordination axes (Figure 1.8), but hydrology, 
particularly water depth, seemed to be an important predictor. For the herbaceous understory 
composition in Phase 2, 16.3% of the total variation was explained by the constrained ordination, 
again suggesting that the measured abiotic factors were not successful at accounting for the 
variability in the herbaceous composition. Of that 16.3% of the total variation explained, the first 
axis accounted for 48% and the second axis for 24%. Water depth was positively correlated with 
ordination axis 1, whereas light availability at 1 m above was positively correlated with 
ordination axis 2 (Figure 1.8).  However, none of the abiotic factors seemed to strongly explain 
the herbaceous composition. The most common herbaceous species in Phase 2 were: Ludwigia 
peploides, Leersia oryzoides, Typha x glauca Godr., Echinochloa muricata, Bidens aristosa 
     
20 
 
Michx., Eleocharis erythropoda Steud., Festuca arundinacea Schreb., Ludwigia polycarpa Short 
& Peter, and Potamogeton sp. As in Phase 1, Typha angustifolia was influenced most by water 
depth, with cover increasing along axis 1. Rumex altissimus Alph., Ludwigia peploides, and 
Leersia oryzoides were associated positively with light availability at water level. The following 
species were associated with increasing elevation along on the first axis: Aster lanceolatus, 
Polygonum neglectum Besser., Cyperus erythrorhizos Muhl. Along the second axis, 
Potamogeton sp., and Bidens aristosa were associated with increasing light availability at 1 m 
above the ground surface, whereas Eleocharis erythropoda, Eleocharis obtusa Willd., and Phyla 
lanceolata Michx. were associated with decreasing light availability. Alisma subcordatum Raf. 
was associated with increasing flood duration.   
 
Figure 1.8. CCA ordination plots for herbaceous vegetation composition in Phase 2. The black 
open circles indicate vegetation quadrats along the transects whereas the red pluses indicate 
individual herbaceous species. Species labeled in red were the most common species found in 
quadrats.  
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DISCUSSION 
Distance from the nearby seed source and elevation were the best predictors of the 
distribution of naturally colonizing trees in this recently restored floodplain. As elevation 
increased, tree seedling density also increased, and as distance from seed source increased, tree 
seedling density decreased. Although much of the variation in herbaceous understory species 
composition was unexplained, hydrology, including the depth and duration of inundation, was 
predictive of herbaceous species composition in all three restoration phases. Light availability 
was a secondary predictor of herbaceous understory composition only in the oldest restoration. 
Thus, my findings were consistent with the expectation that site-specific abiotic conditions, 
particularly hydrologic conditions, would influence tree colonization as well as herbaceous 
understory composition in restored floodplain sites.   
Tree seedling establishment 
A primary objective of this research was to determine how passive tree colonization 
varies with local hydrology and other environmental conditions in a floodplain forest restoration. 
I predicted that the density of naturally colonizing trees would decrease with increasing distance 
from an adjacent established forest, but would increase with increasing elevation and lesser 
flooding. Consistent with these predictions, in the oldest phase, a 5-cm increase in elevation 
resulted in an increase of one naturally colonizing individual whereas a 45-m increase in distance 
from the remnant forest resulted in a decrease of one naturally colonizing individual.  The results 
of this study reinforce those of previous studies that have reported that the density of naturally 
recruiting trees decreases with distance from a seed source in reforested sites (Battaglia et al. 
2002, McCoy et al. 2004, Twedt 2004, De Steven et al. 2015b). Battaglia et al. (2002) also 
concluded that tree density and composition in their studied floodplain site was affected by 
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elevation as well as distance from the local seed source. My results further support the 
importance of location relative to a nearby seed source as well as elevation for woody species 
establishment in restored floodplain forests. 
Dispersal mechanisms may be important for tree colonization in restored floodplain 
forests.  Species such as Acer saccharinum tend to be more successful due to their ability to 
readily disperse via wind and water, whereas hard mast species such as Quercus spp. and Carya 
spp. depend on active dispersal by vertebrates (Knutson and Klaas 1997, Battaglia et al. 2002, 
Battaglia et al. 2008). These differences in dispersal modes may explain the large number of A. 
saccharinum seedlings present in the oldest restored phase and the lack of naturally recruited 
Quercus spp. and Carya spp. This is despite the abundance of both genera in the remnant forest 
and active planting of Quercus spp. and Carya illinoensis when the site was restored. Due to this 
lack of natural colonization, current restoration strategies in floodplain forests incorporate 
planting of heavy-seeded species, while simultaneously relying on natural colonization of easily 
dispersed trees such as maples to increase tree diversity (Allen 1997, King and Keeland 1999). 
Yet, reliance on passive colonization only works if there is a seed bank or a nearby existing 
forest that can act as a source of propagules (Middleton 2003, van der Valk et al. 2009). At the 
Sugar Camp Creek restoration site there was little natural colonization of trees despite the 
proximity of a mature forest with many woody species. Few tree species colonized, colonization 
was limited by distance, and there was almost no woody colonization in the two younger phases.  
Thus, even with a nearby seed source, the potential for passive regeneration was limited. 
 I also expected that the species composition of naturally recruiting trees would vary 
primarily with elevation and flooding. Surprisingly, this was not the case. I observed that instead 
light availability and distance from a potential seed source seemed to dictate the composition of 
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tree colonists in the oldest restored phase. This may have been because most plots had similar 
durations of inundation across the Phase 0 restoration area, making light availability and distance 
from the seed source more significant to the tree species composition. Also, the results of this 
ordination could have been influenced by the large numbers of naturally colonizing Acer 
saccharinum and Salix nigra. Acer saccharinum seedlings have a greater capacity for 
photosynthetic recovery following flooding once they have become established for a minimum 
of two years (Peterson and Bazzaz 1984), which is potentially why they are extremely tolerant of 
flooding conditions (Hosner 1960, Teskey and Hinckley 1977) and may be more influenced by 
light availability and distance from seed sources in comparison to other floodplain tree species. 
Salix nigra followed the same trend as Acer saccharinum, also potentially due to its high 
tolerance to flooding (Teskey and Hinckley 1977). Previous research has shown that Populus 
deltoides occurred in drier sites in floodplain forests, whereas Ulmus rubra was found in both 
well drained and bottomland sites (Teskey and Hinckley 1977). These findings are consistent 
with my results; Populus deltoides was located in areas with low flooding and high elevation, 
whereas Ulmus rubra was located in areas with prolonged flooding and low elevation. 
Cephalanthus occidentalis and Celtis occidentalis were both correlated with distance from seed 
source, where they were located in low light plots that were furthest from the remnant forest. 
However, only a small number of individuals of Cephalanthus occidentalis and Celtis 
occidentalis were found at the site. Understanding how flooding and distance from seed sources 
affects the species composition of naturally recruiting trees is essential for evaluating the 
potential for achieving restoration goals via passive reforestation. 
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Herbaceous understory composition 
A second objective of this study was to understand whether local hydrology or light 
availability would determine the herbaceous community composition in restored floodplain 
areas. I anticipated that regardless of restoration age, herbaceous species composition would vary 
primarily due to hydrology and secondarily due to light availability. In the oldest restoration, 
herbaceous species composition did vary primarily with total duration of inundation and 
secondarily with light availability. However, in the intermediately aged restoration, the 
herbaceous species composition in the understory seemed to vary only with elevation and total 
duration of inundation. In the youngest plot, none of the abiotic factors were strongly predictive 
of the overall species composition in the understory, which may indicate that the herbaceous 
community in this youngest site is still in transition and has not yet equilibrated to the local 
environmental gradients. 
Despite being restored at different times, all three restored areas had an herbaceous 
species composition that responded more strongly to site hydrology than to light availability, 
supporting the contention that flooding is the primary abiotic constraint on herbaceous 
community composition in floodplains (Barnes 1978, Menges and Waller 1983, Hughes and 
Cass 1997, Walters 1997, Sluis and Tandarich 2004). As Menges and Waller (1983) observed in 
their study, light only became a limiting factor for floodplain herbs when flooding was sporadic. 
This observation seems to contrast my results because the Phase 0 plot experienced consistently 
long duration inundation yet light availability was a secondary limiting constraint. This is in 
contrast to the Phase 1 plot, which did not experience such prolonged flooding during the time of 
the study. One possible explanation for this discrepancy could be that light availability was more 
restricted in the understory of the older plot due to the overstory establishment of the planted 
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trees, whereas in the Phase 1 plot, light availability was not a constraint because the area is still 
mostly open. However, this may change in Phase 1 with the oncoming encroachment of invasive 
Phragmites australis, which may outcompete the native species by quickly growing and casting 
shade over the rest of the herbaceous understory. 
Further studies on herbaceous understory community composition in restored floodplains 
and understory community assembly in response to local abiotic factors are necessary, especially 
in older sites. Restoration practitioners rely heavily on passive recolonization to restore the 
herbaceous understory community of floodplain forests, which may be impractical in sites that 
are isolated, do not have a robust seed bank, and have variable hydrologic conditions. A more 
proactive approach in establishing the herbaceous understory community in restored floodplain 
sites may lead to greater diversity and decreased potential for invasive species to colonize. 
Furthermore, a well-developed herbaceous community may assist in the establishment of some 
tree species by acting as cover that can decrease seed predation and improve site conditions for 
germination (Battaglia et al. 2002).  
Conclusions 
Passive tree and understory community assembly is an important facet of the restoration 
process that needs to be incorporated in future floodplain reforestation efforts. Yet as Battaliga et 
al. (2002) noted, this component needs to be assessed on a case-by-case basis, especially if the 
restored site is isolated and too far from the nearest seed source. In such situations, further 
involvement by managers is essential, through seeding and/or planting of species that are well 
suited to the local site conditions, particularly in relation to the flooding regime (Stanturf et al. 
2000). If the site is beyond 160 m of a forest seed source, additional intervention by managers is 
necessary to establish a fully stocked stand (Kruse and Groninger 2003). For herbaceous 
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communities, restoration of hydrology alone is often insufficient for restoring wetland vegetation 
to a natural state (Galatowitsch and van der Valk 1996). Even though flooding was an important 
predictor of the herbaceous species assemblage of all three restored phases, the communities 
were inconsistent in the responses to flooding and light availability. Herbaceous community 
composition in the oldest restored area was most closely related to flooding with light 
availability as a secondary predictor, whereas the herbaceous community in the youngest 
restored area was not strongly influenced by any of the abiotic factors because it potentially has 
not equilibrated to the site conditions yet. Therefore, a complete reliance on passive colonization 
for herbaceous plants in restored floodplains without recognizing which abiotic factors are 
important for community assembly may lead to reduced diversity and increased invasion by non-
native species. Understanding the abiotic conditions that may constrain and/or enhance passive 
tree colonization and herbaceous understory communities is critical for anticipating restoration 
outcomes in restored floodplain forest. 
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CHAPTER 2: HYDROLOGY AND SOIL MAGNETIC SUSCEPTIBILITY AS 
PREDICTORS OF PLANTED TREE SURVIVAL IN A BOTTOMLAND 
REFORESTATION SITE 
 
INTRODUCTION 
Inundation in bottomland forests has been identified as an abiotic constraint on natural 
tree establishment (Middleton 2000, Battaglia et al. 2002), as well as on planted tree survival and 
growth (Pennington and Walters 2006, Kabrick et al. 2012). Flooding decreases oxygen 
availability and light at the soil surface (Teskey and Hinckley 1977, Baskin and Baskin 1998), 
which can lead to poor tree seedling survival. Bottomland hardwood forests are often the focus 
of tree planting and restoration efforts, especially in the southern United States (Clewell & Lea 
1990, Sharitz 1992, Noss et al. 1995, Stanturf et al. 2001). However, current approaches in 
floodplain restoration often ignore site-specific hydrologic variability, resulting in unexpected 
mortality of planted species and failure to achieve restoration goals (King et al. 2006, Pennington 
and Walters 2006, Pociask and Matthews 2013). Since individual tree survival, along with 
overall species composition and diversity, is determined primarily by hydrology in bottomland 
forests (Toner and Keddy 1997, Turner et al. 2004), in-depth knowledge of the hydrologic 
regime at a restoration site is essential for reforestation success. In addition to soil inundation, 
other site conditions influencing tree establishment and survival include light availability and 
herbivory (Menges and Waller 1983, Lin et al. 2004, Turner et al. 2004). Understanding these 
factors, particularly flooding, and their effects on tree survival and establishment in a site-
specific context will help restoration managers be more successful in their reforestation efforts in 
restored bottomlands.  
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Flood tolerance rankings have been created as qualitative descriptions of species’ ability 
to survive a certain depth of flooding over a number of days during the growing season (Bell and 
Johnson 1974, Teskey and Hinckley 1977, White 1979, Hook 1984). Flood tolerance differs 
among tree species due to their diverse adaptations in enduring inundation (Kozlowski 1982a, 
Kozlowski 1982b, Kozlowski 1984, Keddy and Ellis 1985), such as developing adventitious 
roots to facilitate oxygen diffusion (Teskey and Hinckley 1977). However, a complete evaluation 
of flood tolerance for all tree species is not available (Lin et al. 2004). Furthermore, these ratings 
do not take into consideration other environmental factors that could influence hardwood tree 
species’ survival and establishment (Battaglia et al. 2014). Thus, these qualitative ratings of 
flood tolerance have limited practical utility for restoration planning, and there is a need for 
improved quantitative tools for identifying critical abiotic factors that control tree growth and 
mortality and for evaluating a tree species’ ability to tolerate flooding at a reforestation site.  
Currently, there are very few simple tools that can be used to quantitatively measure 
hydrologic conditions in restored wetlands. Piezometers and unlined observation wells are used 
to measure hydrology in wetlands but they can be expensive and time-consuming to use 
(Faulkner et al. 1989, Thompson et al. 2012). In contrast, soil magnetic susceptibility (MS), a 
proxy for soil drainage, is easy to measure at a reasonable cost, and may be a useful tool for 
restoration managers when planning tree plantings to ensure greater survival. In anaerobic 
conditions, such as those present in hydric soils, concentrations of the ferrimagnetic minerals, 
typically magnetite and maghemite, become highly dissolved (Grimley et al. 2004). The 
concentrations of these magnetic minerals control soil MS, which could be useful as a guide for 
matching individual tree species requirements to site-specific soil moisture regimes. In a study 
surveying the distribution of naturally occurring trees in a forest, high soil surface MS, which 
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occurs in well drained soils, was shown to suit upland tree species, whereas low soil surface MS, 
which is prevalent in poorly drained or waterlogged soils, was more appropriate for flood 
tolerant species (Grimley et al. 2008). Measures of soil MS have primarily been used to aid 
geoarchaeology and have not been used extensively in restoration practice. However, previous 
research on the use of soil MS in wetlands suggests that soil MS could be applicable in 
ecological restoration (Grimley et al. 2008, Wang et al. 2008, Simms and Lobred 2011). For 
example, soil MS has been used successfully to delineate wetland boundaries in central 
Mississippi where there were measurable differences in the soil MS values between upland and 
wetland soils (Simms and Lobred 2011). I propose that soil MS could be used as a quantitative 
predictor of planted tree survival and growth in bottomland forest restorations. This experimental 
study will be the first to compare soil magnetic susceptibility readings to current hydrologic data 
and to tree seedling survival and growth rates in a restored bottomland area as a test of concept 
for future reforestation efforts.  
I addressed two objectives through this research. The first objective was to determine 
how the growth and survival of planted tree seedlings of four species varied with local 
hydrologic conditions in a recently reforested bottomland. Although I expected that different tree 
species would vary in their response to a soil saturation gradient, in general, I expected that 
planted tree growth would be lowest and mortality would be highest in areas with prolonged 
flooding. The second objective was to determine whether soil magnetic susceptibility (MS) could 
be used as a proxy for soil drainage when planting tree seedlings. I expected that soil MS would 
be a suitable proxy for current soil drainage and thus, a good predictor of the survival rates of 
planted trees. 
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METHODS 
Study Area 
The project site is the 50.9-ha Sugar Camp Creek wetland mitigation bank in Franklin 
County, Illinois. This study was conducted in the southwestern corner of the mitigation bank, 
which was restored by the Illinois Department of Transportation (IDOT) beginning in 2013. To 
re-establish wetland hydrology in the Sugar Camp Creek bottomland, IDOT filled all on-site 
ditches, blocked outlets to Sugar Camp Creek, lowered pre-existing levees along the creek, 
constructed low berms along the perimeter of the site, removed culverts within the site, 
excavated portions of the site, and installed four fixed-threshold spillways (IDOT 2009). The 
soils mapped in the study area were hydric, frequently flooded Bonnie silt loam and non-hydric 
Belknap silt loam (Preloger 2003, Pociask and Shofner 2007). Bonnie silt loam is rated as being 
highly favorable for wetland plant growth (Preloger 2003). Prior to becoming modified for 
agricultural activity, the extent of the hydric soil at the Sugar Camp Creek site indicated that the 
site was a wetland area in the past (Pociask and Shofner 2007). There are also remnant 
floodplain forest patches to the east of the site, which were determined by the Illinois Natural 
History Survey (INHS) to contain jurisdictional wetland areas of good floristic quality (Plocher 
and Wiesbrook 2004). 
Procedures 
In late May 2014, I planted 400 bareroot tree seedlings (ranging from 20 to 74 cm in 
height), which were obtained from the Mason State Tree Nursey in Topeka, IL, along five 100-m 
transects (Figure 2.1). Soil conditions along transects spanned a gradient from very wet to mesic 
and soil was undisturbed by IDOT’s site preparation activities. Along each transect, I established 
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Figure 2.1 Topographic map of southwestern corner of the Sugar Camp Creek restoration site in 
Franklin County, IL. The circles indicate the locations for the planted tree 2-m
2 
plots. Numbers 
in the middle of each plot indicate average soil MS values.   
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one 2-m x 2-m plot every 20 m in which I planted sixteen individuals total, four of each of the 
following species: swamp white oak (Quercus bicolor Willd.), pin oak (Quercus palustris 
Muenchh.), pecan (Carya illinoensis [Wangenh.] K. Koch), and black walnut (Juglans nigra L.). 
These species are among the most commonly planted tree species in bottomland restorations in 
central U.S. (Kabrick et al. 2012). Each seedling was marked with an aluminum tag with 
identifying information. Baseline height and stem diameter at 18-cm height were measured for 
each tree seedling at the time of planting. In September 2014, surviving tree seedlings were re-
measured for height and stem diameter and any signs of herbivory were noted. These sampling 
procedures were repeated in May and August of 2015. 
  Variables that could either limit or enhance the survival and growth of the planted tree 
seedlings were measured within the plots. Hydrologists at the Illinois State Geological Survey 
(ISGS) have been monitoring ground and surface water elevations at the Sugar Camp Creek site 
since 2005, which provided a detailed and precise data record of hydrologic variation. The 
ground elevation at each plot was determined by superimposing the point layer for the trees 
(determined by GPS) on LiDAR-based digital elevation model (ISGS 2015) and using the 
‘Extract’ tool in ArcGIS v. 10.1. Surface water data were collected at hourly sampling intervals 
using a pressure transducer data logger. The elevation for the surface water data logger was 
measured using survey grade GPS in order to assign a reference elevation so that surface water 
elevation at each plot could be calculated. Total flood duration and consecutive flood duration at 
each plot were determined through interpolation of plot elevation and hydrologic data. The 
duration (in hours) that water level was above the ground elevation at each plot was tallied based 
on the record of calculated surface water elevation. Both the total cumulative duration and the 
maximum continuous duration of inundation at each plot were tallied from June 2014 until 
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August 2015. Light penetration through the plant canopy was measured using a LI-COR LI-
250A Light Meter at 1 m above the ground and at the soil or water surface, depending on 
whether the plot was inundated at the time of collection. These readings were then relativized to 
light measurements collected under the full sun, under no canopy vegetation.  
Soil magnetic susceptibility (MS)  
  I measured soil magnetic susceptibility (MS) on the soil surface with a portable 
Bartington MS2 meter and MS2D loop (Bartington Instruments, Oxford, UK) at points 
approximately every 20 m in the middle of the planted tree plots along the transects. The soil 
surface at measured points was cleared of vegetation, litter, surface roots, and irregularities, and 
the soil was smoothed out using a field tool or work boots to maximize contact between the loop 
and the soil. Soil MS values were then compared to elevation and flood duration as well as to the 
survival and growth rates of the planted trees. In addition, I collected soil MS readings under 
mature trees in the nearby remnant floodplain forest patch adjacent to the site in order to 
establish a range of soil MS values that was conducive for mature trees of various species. Using 
methods similar to Wang et al. (2008), I measured the soil MS values for six species that had 
similar flood tolerance ratings to the planted tree species. I compared the soil MS values at the 
planted tree plots to these soil MS values from the remnant forest.  
  In order to determine whether soil MS differences among plots might have been due to 
differences in size sorting or parent material changes, I analyzed the grain size distribution of the 
soil. I collected 10 soil samples from the soil surface of random plots along the five transects, 
and analyzed samples for grain size using a Malvern Mastersizer 3000 laser diffractometer 
(Malvern Instruments, Malvern, UK). The Malvern Mastersizer diffractometer was shown to be 
useful in measuring fine grain sediments rapidly and with high accuracy (Sperazza et al. 2004). I 
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passed each sample through a 2-mm sieve to remove large organic material. A 2-g subsample of 
soil and 5 ml of dispersant (25.0 g sodium metaphosphate dissolved in 500 ml deionized water) 
were shaken vigorously in a centrifuge tube to break up clods. The subsample was then 
transferred to the wet sampler of the diffractometer. Data on the tenth percentile, median, 
ninetieth percentile, as well as the volume weighted means, of grain size was compiled using 
Mastersizer 3000 software version 2.20. 
Statistical analysis 
Statistical analyses were performed using SAS 9.3 (SAS Institute 2011). Growth and 
survival of each species were modeled as functions of time and position along the hydrologic 
gradient. For survival, I calculated both nonparametric and parametric survival functions. 
Nonparametric functions, such as the product-limit Kaplan-Meier estimator, do not assume the 
shape of the survival function but are unable to determine the magnitude of the effects of 
covariates on survival, whereas parametric functions are able to account for explanatory 
variables in regression analyses (Beckage and Clark 2003). I used the product-limit Kaplan-
Meier estimator as the nonparametric survival function to determine the survival probability of 
the four planted tree species during the study (PROC LIFETEST, SAS Institute 2011). For the 
parametric function, survival of seedlings (each individual counted as dead or alive) was related 
to predictor variables using generalized linear mixed models with repeated measures along with 
a binomial distribution and a logit link function in SAS (PROC GLIMMIX, SAS Institute 2011). 
Alternative models were constructed, and the Akaike Information Criterion (AIC) was used to 
determine which model best explained survival (Burnham and Anderson 2002). Alternative 
models included a null model and models with combinations of the main effects of time, species 
identity, soil MS, elevation, cumulative duration of inundation, maximum consecutive duration  
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Table 2.1. Pearson Correlation coefficients among predictor variables for planted tree survival and growth 
 Elevation Total duration Consecutive duration Light at water level Light at 1 m 
Total duration -0.985**     
Consecutive duration -0.960**         0.987**    
Light at water level   -0.044         0.090     0.101*   
Light at 1 m    0.093        -0.068              -0.101*    0.272**  
Soil MS 0.186**    -0.136**              -0.073           -0.018 0.080 
Note: Total duration and consecutive duration of inundation were tallied from June 2014 to August 2015. Statistically significant 
correlations are bolded. *p-values less than 0.05; ** p-values less than 0.01 
 
Table 2.2. AIC model selection for planted tree survival  
Model K N AIC ∆AIC Likelihood AIC wi 
Time + Elevation + Species 3 802 885.53 0 1 0.441 
Time + Consecutive duration + Species 3 802 886.62 1.09 0.580 0.256 
Time + Total duration + Species 3 802 887.67 2.14 0.343 0.151 
Time + Soil MS + Species 3 802 888.95 3.42 0.181 0.080 
Time + Species 2 802 890.32 4.79 0.091 0.040 
Time + Light at water level + Species 3 802 892.05 6.52 0.038 0.017 
Time + Light at 1 m + Species 3 802 892.22 6.69 0.035 0.016 
Null 1 802 968.54 83.01 9.432E-19 4.158E-19 
Time + Elevation 2 802 1037.1 151.57 1.222E-33 5.386E-34 
Time + Total duration 2 802 1037.24 151.71 1.139E-33 5.022E-34 
Time + Consecutive duration 2 802 1038.12 152.59 7.337E-34 3.234E-34 
Time 1 802 1040.04 154.51 2.809E-34 1.238E-34 
Time + Soil MS 2 802 1040.94 155.41 1.791E-34 7.896E-35 
Time + Light at water level 2 802 1041.77 156.24 1.183E-34 5.214E-35 
Time + Light at 1 m 2 802 1042.04 156.51 1.033E-34 4.556E-35 
Note: Total duration and consecutive duration of inundation were tallied from June 2014 to August 2015. The models are listed with 
their number of parameters (K), sample size (N), AIC, ∆AIC, likelihood, and the AIC weight (wi).
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of inundation, light availability at water level, and light availability at 1 m above ground surface. 
Plot identity was included in all models as a random effect. Due to multicollinearity among 
predictor variables (Table 2.1), I did not include all possible combinations of variables in 
models. In particular, I did not include duration of inundation, elevation, or soil MS in the same 
models due to the significant relationships among those variables. Specified models are listed in 
Table 2.2  
For growth, only the surviving seedlings at each time period were considered for 
analysis. Growth was measured as each surviving individual’s change in height and diameter 
from time of planting to time of recording. Each time period was analyzed separately due to the 
decreasing sample size of surviving individuals. Growth was modeled as a function of predictor 
variables using general linear mixed models with a normal distribution in SAS (PROC 
GLIMMIX, SAS Institute 2011). AIC model selection was used to determine which among a set 
of alternative models best described planted tree growth in each time period. Alternative models 
included a null model and models with combinations of the main effects of species identity, soil 
MS, elevation, cumulative duration of inundation, maximum consecutive duration of inundation, 
herbivory (yes/no), light availability at water level, and light availability at 1 m above ground 
surface (See Appendices B and C). Plot identity was included as a random effect in the models. 
The growth of Juglans nigra seedlings was not included in the third time period due to the lack 
of surviving individuals.  
RESULTS 
Seedlings were planted in late May 2014, and were censused in September 2014, May 
2015, and August 2015. During the first time period after planting, from June to September 
2014, the stream next to the study site experienced an unusually high flood peak toward the end 
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of the growing season (red box in Figure 2.2), which accounted for the plots experiencing 8 to 72 
cumulative days of inundation. During the second time period, October 2014 to April 2015, 
Sugar Camp Creek exceeded the bank full elevation, and inundation of the study site was of an 
unusually long duration, with plots experiencing between 41 and 153 cumulative days of 
inundation (blue box in Figure 2.2). During the third time period, from May to August 2015, the 
site experienced a longer period of inundation, with plots inundated for 3 to 89 cumulative days, 
but Sugar Camp Creek had fewer and smaller flood peaks as compared to the first time period 
(green box in Figure 2.2).  
 
Figure 2.2. Stream gauge data for in the study area at the Sugar Camp Creek site from January 
2013 to September 2015. The red box indicates time period 1 (June-Sept 2014), the blue box 
indicates time period 2 (Oct 2014-April 2015), and the green box indicates time period 3 (May-
Aug 2015). The orange line represents the average bank full elevation along Sugar Camp Creek 
in the vicinity of the study site. 
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Planted tree survival 
At the end of the growing season in the first year, out of the 400 planted seedlings, 245 
(61%) survived. Quercus bicolor had the highest survival rate of 90%, followed by Quercus 
palustris with a survival rate of 64%. Carya illinoensis had a survival rate of 48%, and Juglans 
nigra seedlings had the lowest survival rate of 43%. At the beginning of the growing season in 
the second year, a total of 157 (39%) planted seedlings survived. Again, out of those, Quercus 
bicolor had the highest survival rate of 78%, followed by Quercus palustris with a survival rate 
of 48%. Carya illinoensis had a survival rate of 26%, and Juglans nigra seedlings had the lowest 
survival rate of only 5%. By the end of the growing season in the second year, only 99 (25%) of 
the original planted tree seedlings survived. None of the planted Juglans nigra seedlings 
survived. Quercus bicolor was the clear dominant survivor with a survival rate of 52%. Quercus 
palustris had a survival rate of 30%, whereas Carya illinoensis had a survival rate of 17%. The 
trend of survival for each planted tree species in each time period can be seen in Figure 2.3.  
 
Figure 2.3. Number of surviving planted trees from June 2014 to August 2015. CI = Carya 
illinoensis, JN = Juglans nigra, QB = Quercus bicolor, QP = Quercus palustris. 100 individuals 
of each species were planted at the end of May 2014. 
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Survival functions, estimated using the nonparametric product-limit Kaplan-Meier 
estimator, indicated that seedling survival differed among species (Figure 2.4). Quercus bicolor 
had the highest survival probability beyond the 365 days of the experiment (S[365] = 0.52), 
followed by Quercus palustris (S[365] = 0.30), and Carya illinoensis (S[365] = 0.17). Juglans 
nigra had the lowest survival probability (S[92] = 0.05), likely due to high mortality from 
flooding.  
 
Figure 2.4. Product-Limit Survival estimates for all four planted tree species from June 2014 to 
August 2015. Quercus bicolor (QB) had the highest survival probability, followed by Quercus 
palustris (QP), Carya illinoensis (CI), and Juglans nigra (JN).  
 
Seedling survival was also modeled using generalized linear mixed models. The three 
models that best explained planted tree survival all incorporated some measure of hydrology as 
well as time and species identity (Table 2.2). The best model included the main effects of time, 
plot elevation, and species identity and had an AIC weight of 0.441 (Table 2.2). Predicted 
survival probabilities of each planted tree species increased as elevation increased (Figure 2.5),  
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Figure 2.5. Predicted probabilities of survival of 
planted trees versus elevation for time period 1 
(A), time period 2 (B), and time period 3 (C) 
using PROC LOGISTIC (SAS Institute 2011). 
There was a clear effect of species identity and 
flooding on the probability of survival. Species 
included Carya illinoensis (CI), Quercus bicolor 
(QB), Quercus palustris (QP), and Juglans nigra 
(JN). Juglans nigra was excluded in time period 3 
due to lack of survival. 
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indicating that planted tree mortality was lowest in areas with low elevation that experience 
prolonged flooding. The next best model included the main effects of time, consecutive flood 
duration, and species identity with an AIC weight of 0.256. The third best model included the 
main effects of time, total flood duration, and species identity, and had an AIC weight of 0.151 
(Table 2.2). The model with time, soil MS, and species identity had less support than the top 
three hydrology models and had an AIC weight of 0.08. 
Planted tree growth 
For seedlings that had survived at the end of the growing season in the first year, Quercus 
bicolor had a statistically significant increase in height from May to September 2014 (one 
sample t-test: t = 2.27; df = 89, p = 0.025), whereas Carya illinoensis had a statistically 
significant decrease in height (t = -2.47, df = 47, p = 0.017). At the beginning of the growing 
season in the second year, Quercus palustris (t = -2.81, df = 47, p = 0.007) and Carya illinoensis 
(t = -2.09, df = 25, p = 0.047) significantly decreased in height from October 2014 to April 2015. 
By the end of the study, only Quercus bicolor had significantly increased in height from May to 
August 2015 (t = 2.99, df = 51, p = 0.004). Seedlings of Carya illinoensis decreased in height 
due to herbivory or stem dieback at the end of the second growing season. The trend in change in 
height for each planted tree species in each time period can be seen in Figure 2.6. 
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Figure 2.6. Average change in height of surviving planted trees from September 2014 to August 
2015. CI = Carya illinoensis, JN = Juglans nigra, QB = Quercus bicolor, QP = Quercus 
palustris. Error bars represent standard errors. 
 
Models that best explained changes in seedling height varied among time periods. In time 
period 1, the best model included the main effects of elevation and species identity and had an 
AIC weight of 0.257 (Table 2.3). In time period 2, the best model included the main effects of 
consecutive flood duration and species identity and had an AIC weight of 0.379 (Table 2.3). 
However, in time period 3, the best model for explaining changes in height included the main 
effects of soil MS and species identity and had an AIC weight of 0.218 (Table 2.3). Herbivory as 
a main effect was only included in models for time period 3 due to missing data in times periods 
1 and 2. A model including herbivory and species identity received some support in time period 
3 with an AIC weight of 0.175 (Table 2.3). Overall, models that incorporated species identity 
and some measure of, or proxy for, hydrology best described the changes in height for the 
planted trees. As expected, height increases were greater in plots at higher elevation, plots with 
shorter duration of inundation, and in plots with greater soil MS values. Appendix B includes a 
list of all AIC models for the change in planted tree height in each time period. 
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Table 2.3. AIC model selection for planted tree height in each time period 
 
Model K N AIC ∆AIC Likelihood AIC wi R
2
 
Sept 
2014 
Elevation + Species 2 245 1089.74 0 1 0.257 0.098 
Light at 1 m + Species 2 245 1090.09 0.35 0.839 0.215 0.100 
Total duration 1 + 
Species 2 245 1090.12 0.38 0.827 0.212 0.095 
Consecutive duration 1 + 
Species 2 245 1090.23 0.49 0.783 0.201 0.095 
May 
2015 
Consecutive duration 1&2 
+ Species 2 157 827.29 0 1 0.379 0.144 
Total duration 1&2 + 
Species 2 157 827.71 0.42 0.811 0.308 0.141 
Elevation + Species 2 157 828.05 0.76 0.684 0.259 0.140 
Aug 
2015 
Soil MS + Species 2 99 541.40 0 1 0.218 0.160 
Herbivory + Species 2 99 541.84 0.44 0.803 0.175 0.157 
Note: Total duration 1 and Consecutive duration 1 were from June to September 2014; Total 
duration 1&2 and Consecutive duration 1&2 were from June 2014 to April 2015. The models are 
listed with their number of parameters (K), sample size (N), AIC, ∆AIC, likelihood, AIC weight, 
(wi) and R
2
. 
 
Stem diameters significantly increased for all four species at each time period, which was 
determined using one sample t-tests (Figure 2.7). The model with the main effect of light 
availability at the water (or soil) level best explained the change in planted tree diameter for each 
time period (Table 2.4). However, the relationship between diameter increase and light 
availability was unexpectedly negative. The model with the main effect of soil MS was only 
important for the change in planted tree diameter in time periods 1 and 2 (Table 2.4). None of the 
other models were able to predict changes in planted tree diameter any better than a null 
(intercept only) model. Species identity was not included in the selected models for changes in 
diameter. Appendix C includes a list of all AIC models for the change in planted tree diameter in 
each time period. 
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Figure 2.7. Average change in diameter of surviving planted trees from September 2014 to 
August 2015. CI = Carya illinoensis, JN = Juglans nigra, QB = Quercus bicolor, QP = Quercus 
palustris. Error bars represent standard errors. 
 
Table 2.4. AIC model selection for planted tree diameter in each time period 
 
Model K N AIC ∆AIC Likelihood AIC wi R
2
 
Sept 
2014 
Light at water level 1 245 -341.14 0 1 0.468 0.117 
Soil MS 1 245 -339.17 1.97 0.373 0.175 0.028 
May 
2015 
Light at water level 1 157 -127.35 0 1 0.353 0.103 
Soil MS 1 157 -126.16 1.19 0.552 0.194 0.025 
Aug 
2015 
Light at water level 1 99 -49.68 0 1 0.159 0.078 
Note: The models are listed with their number of parameters (K), sample size (N), AIC, ∆AIC, 
likelihood, AIC weight (wi), and R
2
. 
Soil magnetic susceptibility 
None of the three proxies of grain size were significantly correlated with field-measured 
soil MS (volume percentage of sand, r
2
 = 0.044; volume percentage of clay, r
2
 = 0.025; median, 
r
2
 = 0.002). The lack of a relationship between soil MS and grain size indicated that size sorting 
or parent material changes were not significant factors in soil MS changes across the study site.  
Soil MS was positively and significantly correlated to elevation (r = 0.186, p = 0.0002) 
and negatively correlated to cumulative duration of inundation (r = -0.136, p = 0.0064) (Table 
2.1, Figure 2.8). However, there was no significant correlation between soil MS and consecutive 
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duration of inundation. Predicted survival probabilities of Quercus palustris, Carya illinoensis, 
and Juglans nigra increased as soil MS increased, whereas the survival probability of Quercus 
bicolor increased as soil MS decreased (Figure 2.9). This indicates that, in contrast to the other 
three species, Quercus bicolor had a higher survival rate in areas that had a low soil MS reading, 
corresponding to poorly drained soils. This finding was consistent with observations in the 
adjacent remnant floodplain forest. Soils beneath mature Quercus bicolor trees had the lowest 
average soil MS value of the six tree species investigated (Table 2.5). Soils beneath mature 
individuals of other tree species, such as Carya ovata (Mill.) K.Koch, Carya laciniosa (Mill.) 
K.Koch, Carya tomentosa Sarg., and Quercus alba L., which have similar flood tolerance ratings 
as Carya illinoensis and Juglans nigra (Bell and Johnson 1974, Teskey and Hinckley 1977, 
Hook 1984), had much higher average soil MS values (Table 2.5). 
Table 2.5. Average soil MS values for soil beneath mature individuals of 6 tree species in 
adjacent remnant forest 
Species N Average Soil MS (x 10
-5
 SI units) 
Carya ovata 4 10.8 
Carya laciniosa 4 10.3 
Carya tomentosa 3 13.3 
Quercus alba 2 14.0 
Quercus bicolor 4 8.4 
Quercus palustris 4 10.0 
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Figure 2.8. Relationship between soil MS and total flood duration (A) and elevation (B). The 
correlation was slightly negative with total duration (r = -0.136) and positive with elevation (r = 
0.186) but both were significant (p < 0.01). 
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Figure 2.9. Predicted probabilities of survival of 
planted trees versus soil MS for time periods 1 
(A), 2 (B), and 3 (C) using PROC LOGISTIC 
(SAS Institute 2011). There was a clear effect of 
species identity and soil MS on the probability of 
survival. Species included Carya illinoensis (CI), 
Quercus bicolor (QB), Quercus palustris (QP), 
and Juglans nigra (JN). Juglans nigra was 
excluded in time period 3 due to lack of survival. 
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DISCUSSION 
 Elevation, along with time and species identity, were the best predictors of the survival 
of the planted tree species in this recently restored bottomland. Similarly, flooding and species 
identity best predicted the changes in height for the planted trees. Soil MS was correlated to both 
total flood duration and elevation. As elevation increased and flood duration decreased, soil MS 
increased, suggesting that soil MS is a good proxy for hydrology. Quercus bicolor was the only 
species that survived well in low soil MS areas, indicating that it was the most flood-tolerant of 
the four species. My findings support the importance of flooding on survival and growth of 
planted trees as well as the usefulness of soil MS as a proxy for soil drainage in restored 
bottomland sites.  
Planted tree survival 
A primary objective of this research was to determine how survival of planted tree 
seedlings of four species varied with local hydrologic conditions in a recently reforested 
bottomland. I predicted that planted tree mortality would be lowest in areas with prolonged 
flooding even though different tree species would vary in their response to a soil saturation 
gradient. Consistent with these predictions, elevation was the primary predictor of planted tree 
survival. The results of this study reinforce those of previous studies which have reported that 
elevation, which defines the water regime, is critical in determining tree seedling survival in 
bottomland restoration areas (Battaglia et al. 2000, McLeod et al. 2000, Middleton 2002, 
Battaglia et al. 2004). Continuous flooding during the growing season leads to decreased tree 
growth and increased mortality (Bell and Johnson 1974).  
 Species identity was also important for tree survival in restored bottomland forests. 
Different species had different probabilities of survival along the elevation gradient, with 
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Quercus bicolor having the highest probability of survival across all three time periods. Previous 
research on flood tolerance ratings, as summarized by Middleton (2002), has suggested that 
Quercus bicolor and Quercus palustris are moderately tolerant of flooding whereas Carya 
illinoensis and Juglans nigra are less flood tolerant. Results of this study suggest that Quercus 
bicolor may be more tolerant than Quercus palustris. Restoration strategies in restored forested 
bottomlands incorporate planting heavy-seeded species such as oaks and pecans. Planting 
Quercus bicolor in these areas can ensure greater survivorship of planted trees. However, 
planting only Quercus bicolor could lead to a monoculture with low diversity in restored 
bottomland forests (Allen 1997, Middleton 2002). Instead, a strategy of planting flood tolerant 
tree species specifically in low elevation areas, along with leaving gaps in between planted 
individuals to promote the passive establishment of other species (Middleton 2002), could lead to 
more successful and diverse bottomland restorations. 
Planted tree growth 
Another goal of this study was to understand how hydrologic conditions affected the 
growth of planted tree seedlings. As with survival, I predicted that tree growth would be least in 
areas with prolonged flooding. Interestingly, my results differed between height and diameter of 
the planted tree species. Flooding was an important predictor of changes in planted tree height, 
with elevation (time period 1) and soil MS (time period 3) having positive relationships with 
height, whereas consecutive duration of inundation (time period 2) influenced height negatively. 
In contrast to survival, the findings of the growth analyses should be taken with reservations due 
to the small changes in the growth of seedlings over the course of the study. Mitsch and Rust 
(1984) found that there was a general absence of a correlation between growth of moderately 
flood-tolerant trees and measures of flooding duration, whether the flooding occurred during the 
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growing season or the entire year, due to a potentially non-linear relationship between the two. 
The impacts of flooding on tree growth are difficult to establish because flooding can be both 
positive, such as with nutrient and water replenishment, and negative, such as by creating an 
anaerobic root zone (Mitsch and Rust 1984). Of the four planted tree species, only Quercus 
bicolor had a positive average change in height across all three time periods, indicating increased 
height from time of planting, whereas Quercus palustris, Carya illinoensis and Juglans nigra 
mostly decreased in height due to herbivory or dieback and resprouting. This observation is 
consistent with other studies that have found that flood intolerant tree species experience a 
decrease in shoot growth due to flooding (Dickson et al. 1965, Kozlowski 1984, Frye and Grosse 
1992, Blom et al. 1994, Ewing 1996, Gravatt and Kirby 1998). However, there was an increase 
in diameter growth in all four planted tree species across all three time periods. Allocation to 
diameter growth in response to flooding is advantageous because individuals with greater 
diameter would be less prone to mortality by flooding (Hall and Harcombe 1998, Lin et al. 
2004). Increases in diameter can occur in flood-tolerant species as they generate more 
intercellular gaps and less dense cells, which allow for oxygen transport (Frye and Grosse 1992). 
Yet the diameter growth in all four species was more strongly affected by light availability than 
flooding. However, the observed inverse relationship between diameter increase and light 
availability and the poor fit of the other models indicate that planted tree diameter was not well 
explained by the measured predictor variables. 
In time period 3, there was an effect of herbivory, along with species identity, on changes 
in planted tree seedling height. However, only Carya illinoensis suffered damage by vertebrate 
browsers (deer and possibly rabbits) during this time period. Previous studies have shown that 
herbivores, such as beavers, other rodents, deer, and rabbits, can inflict considerable browsing 
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damage upon woody plants (e.g. De Steven 1991, Conner et al. 2000, McLeod 2000, McLeod et 
al. 2000). However, this browsing damage by herbivores could be prevented through the use of 
tree shelters (Conner et al. 2000, McLeod 2000, McLeod et al. 2000), which could be useful in 
ensuring planted tree survival and growth during restoration.  
Soil magnetic susceptibility 
A second objective of this study was to determine whether soil magnetic susceptibility 
(MS) could be used as a proxy for soil drainage when planting tree seedlings for restoration. I 
anticipated that soil MS would be a suitable proxy for current soil drainage, and thus a good 
predictor of the survival of planted trees. Consistent with my predictions, as elevation increased 
and flood duration decreased, soil MS increased, suggesting that soil MS is a good substitute for 
current hydrology. As seen in this study, previous research found that soil MS correlated to 
hydric soil field indicators and mapped soil drainage classes (Grimley et al. 2008, Wang et al. 
2008, Simms and Lobred 2011). Grimley et al. (2004) reported that Bonnie silt loam, a hydric 
soil present at the Sugar Camp Creek site, has low soil MS values. This could be due to a 
combination of low soil pH and poorly drained soil conditions. Increased soil acidity can 
increase the dissolution of magnetite, and thus affect the concentration of magnetic minerals in 
the soil (Grimley et al. 2004). Limitations on the use of soil MS as a proxy for soil drainage 
include differences in MS values due to soil texture variation across a site, changes in soil MS 
due to anthropogenic soil disturbance, and changes in parent materials due to geologic history, 
which varies with latitude in Illinois (Grimley et al. 2004, 2008). However, these constraints 
could potentially be overcome by comparing soil MS values across the site to topographic maps 
and determining whether the soil MS values correspond to the local elevation. 
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Soil MS was also a suitable predictor of the survival of planted trees. Quercus bicolor, 
which had the highest survival rate overall, also had a higher survival rate in areas that had a low 
soil MS reading, which was linked to poorly drained soils. Carya illinoensis and Juglans nigra 
also responded to soil MS as expected, with both flood-intolerant species having higher survival 
rates in well-drained areas that had a higher soil MS reading. Previous studies have shown that 
Juglans nigra was located in natural areas with high soil MS values, with an average of around 
20 x 10
-5
 SI (Grimley et al. 2008, Wang et al. 2008), much higher than the soil MS values found 
in the study area, but due at least in part to the fact that these previous studies had been 
conducted on Mollisols. However, Quercus palustris did not respond as expected, considering 
that it has been documented as a moderately flood-tolerant species (Bell and Johnson 1974, 
Teskey and Hinckley 1977, Hook 1984). Instead, Quercus palustris followed trends similar to 
Carya illinoensis and Juglans nigra. This could be due to the fact that Quercus palustris does not 
grow well on low, poorly drained sites that are continuously inundated through the majority of 
the growing season, which occurred in the study area. However, Quercus palustris was still 
relatively successful in surviving flooding during the growing season but would potentially be 
better suited in areas without prolonged flooding.  
Conclusions 
Results from this study clearly show the importance of fine-scale hydrology for the 
survival and growth of planted trees. However, additional long-term studies on planted tree 
growth and survival in restored bottomland forests in response to hydrology and other abiotic 
factors are necessary in order to establish how local environmental features, individually and in 
conjunction with one another, may be influencing planted tree survival and growth. Further 
studies on soil MS are also needed to determine how consistent the results are for other tree 
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species, soil types, geological terrains, and geographic zones. However, soil MS can be used as 
an accurate and rapid tool that can lead to a higher precision in tree planting according to 
individual species’ natural distribution across hydrologic gradients, which will allow for higher 
establishment and survival rates. This has implications for wetland reforestation projects, where 
planted tree survival is one of many performance standards used to evaluate a project’s success 
(Pennington and Walters 2006, Pociask and Matthews 2013). Understanding how flooding 
affects planted tree survival and growth, along with developing tools such as soil MS that can 
easily and quickly distinguish areas suitable for tree planting, is essential for success in restored 
bottomland forests. 
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CHAPTER 3: SUMMARY 
Both active and passive approaches are commonly employed during ecological 
restoration. An important active restoration method in recreating a bottomland forest on former 
agricultural land is to restore hydrological flows, for example by removing drainage features 
such as drain tiles and ditches, installing water control structures such as levees, or shallowly  
excavating the site to intercept ground water (Middleton 2002, De Steven and Sharitz 2007, 
Mitsch and Gosselink 2007). Usually, there is also a component of active introduction of biota 
during restoration through the planting of flood-tolerant tree species such as pin oak (Quercus 
palustris), swamp white oak (Quercus bicolor), and pecan (Carya illinoensis) (Yin et al. 2009). 
Passive restoration, via spontaneous colonization of sites by organisms, is also an important part 
of the restoration process. In bottomland forest restorations, for example, colonization and 
establishment of understory herbs and flood-tolerant woody species, such as silver maple (Acer 
saccharinum) and green ash (Fraxinus lanceolata), supplement tree plantings and increases 
overall species richness. In some cases, these naturally colonizing species may be better adapted 
to the local environmental conditions of the restoration site than intentionally introduced species 
(Prach and Hobbs 2008). 
I conducted two studies to determine how passive plant establishment and planted tree 
growth and survival respond to abiotic environmental conditions in a restored floodplain site. In 
my first study, I assessed how passive tree establishment, along with herbaceous understory 
composition, was affected by abiotic factors including hydrology and light availability in three 
floodplain areas that were restored at different times. The major finding of this study was that 
despite the presence of an adjacent mature floodplain forest, tree seedling colonization in the 
restored areas was minimal and was limited by both flooding and distance from a nearby seed 
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source. These results suggest that although passive colonization can be an important component 
of the restoration of bottomland tree communities, the extent to which practitioners can rely on 
passive colonization alone is limited by both local environmental conditions and dispersal. An 
additional finding was that the responses of herbaceous understory species composition to site 
abiotic conditions varied among the three restored areas, but hydrology was the most important 
predictor of species composition in all areas. The herbaceous layer is often ignored in forest 
restoration plans, but in some cases a more proactive approach may be necessary for establishing 
the herbaceous community. My results suggest that efforts to restore these herbaceous 
communities are critically dependent on site hydrologic conditions.  
Passive restoration alone may be insufficient for restoring diverse bottomland plant 
communities, and active planting may be necessary, especially for heavy-seeded, hard mast tree 
species. Therefore, in my second study, I examined how the growth and mortality of four species 
of planted hard mast trees responded to flooding in a restored bottomland site. I also evaluated 
whether soil magnetic susceptibility (MS) could serve as a suitable proxy for hydrology as well 
as an easily measured, quantitative predictor of planted tree survival and growth. My findings 
indicated that elevation and species identity were important predictors of planted tree survival 
through time. In regards to growth, flood exposure and species identity were significant 
predictors of changes in planted tree height, whereas planted tree diameter was not well 
explained by the measured predictor variables. An additional finding from this study was that 
soil MS was significantly correlated to both total flood duration and elevation and was predictive 
of planted tree survival. These results highlight the significance of flood stress and species 
identity on planted tree survival in restored bottomland forests. Soil MS, as an easily measured 
proxy for flood duration, may help restoration practitioners achieve success in their reforestation 
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projects by increasing precision in tree planting according to individual species’ natural 
distribution across hydrologic gradients.  
Both active and passive approaches to restoration are important for the long-term success 
of bottomland restoration projects. However, an understanding of the influence of site hydrology 
on plant establishment in restoration sites is important for determining whether restoration 
practitioners can rely on spontaneous succession, or may need to use active approaches to restore 
target species. Furthermore, the development of new tools for assessing the environmental 
conditions at sites during the planning stages of restoration can allow practitioners to match 
active planting to local ecological conditions.  
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APPENDIX A: PLANT SPECIES LISTS FOR EACH RESTORATION PHASE  
Table A.1. Tree and shrub species found in each phase of the restored wetland (P0, P1, and P2) 
and in the nearby mature forest 
Remnant forest  P0 P1 P2 
Acer negundo Acer saccharinum Fraxinus lanceolata Acer saccharinum 
Acer rubrum Celtis occidentalis Populus deltoides Populus deltoides 
Acer saccharinum Cephalanthus occidentalis Salix nigra   
Asimina triloba Populus deltoides     
Betula nigra Salix nigra     
Carya cordiformis Ulmus rubra     
Carya laciniosa*       
Carya ovata       
Carya tomentosa        
Celtis laevigata       
Crataegus spp.       
Diospyros virginiana       
Elaeagnus umbellata       
Fraxinus lanceolata       
Gleditsia triacanthos 
 
    
Liquidambar styraciflua       
Prunus serotina       
Quercus alba       
Quercus bicolor       
Quercus imbricaria       
Quercus macrocarpa       
Quercus palustris*       
Quercus rubra       
Salix nigra       
Tilia americana       
Ulmus alata       
Ulmus americana*       
Note: Dominant species are denoted by an asterisk (*) and species in bold were found in both the 
remnant forest and the restoration. 
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Table A.2. Herbaceous layer species found in each phase of the restoration (P0, P1, and P2) 
P0 P1 P2 
Acer saccharinum Acer rubrum Acalypha rhomboidea 
Apocynum cannabinum Acer saccharinum Agrostis gigantea 
Aster lanceolatus Achillea millefolium Alisma subcordatum 
Campsis radicans Agrostis gigantea Amaranthus tuberculatus 
Carex brachyglossa Alisma subcordatum Ammannia coccinea 
Carex lupulina Ammannia coccinea Asclepias incarnata 
Carex sp. Andropogon elliottii Aster lanceolatus 
Carex tribuloides Asclepias incarnata Bidens aristosa 
Cephalanthus occidentalis Aster lanceolatus Bidens frondosa 
Ceratophyllum demersum Aster racemosus Boltonia asteroides 
Cyperus pseudovegetus Betula nigra Campsis radicans 
Echinochloa muricata Bidens aristosa Carex sp. 
Elodea nuttallii Bidens cernua Carex tribuloides 
Fraxinus lanceolatus Bidens frondosa Cyperus erythrorhizos 
Hibiscus lasiocarpus Boltonia asteroides Cyperus esculentus 
Juncus effusus Bromus commutatus Cyperus odoratus 
Leersia oryzoides Campsis radicans Cyperus pseudovegetus 
Lemna minor Carex brachyglossa Cyperus sp. 
Ludwigia peploides Carex frankii Cyperus strigosus 
Lycopus americanus Carex lupulina Echinochloa muricata 
Panicum rigidulum Carex normalis Eclipta prostrata 
Panicum virgatum Carex sp. Eleocharis erythropoda 
Phalaris arundinacea Carex squarrosa Eleocharis obtusa 
Phragmites australis Carex tribuloides Eleocharis palustris 
Potamogeton diversifolius Carya illinoinensis Elymus virginicus 
Salix nigra Conyza canadensis Eupatorium serotinum 
Scutellaria lateriflora Cyperus pseudovegetus Festuca arundinacea 
Ulmus americana Cyperus strigosus Hordeum pusillum 
 
Diospyros virginiana Ipomoea lacunosa 
  Echinochloa muricata Juncus sp. 
  Eclipta prostrata Leersia oryzoides 
  Eleocharis obtusa Lindernia dubia 
  Elymus virginicus Ludwigia sp. 
  Eupatorium serotinum Ludwigia palustris 
  Festuca arundinacea Ludwigia peploides 
  Hibiscus lasiocarpus Ludwigia polycarpa 
  Ipomoea lacunosa Oxalis stricta 
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Table A.2. (continued) 
P1 P2 
Juncus biflorus Panicum dichotomiflorum 
Juncus interior Paspalum laeve 
Juncus sp. Persicaria bicornis 
Juncus tenuis Persicaria caespitosa 
Leersia oryzoides Persicaria lapathifolium 
Lemna minor Persicaria pensylvanicum 
Ludwigia alternifolia Persicaria punctata 
Ludwigia palustris Phyla lanceolata 
Ludwigia peploides Physalis subglabrata 
Ludwigia polycarpa Plantago rugelii 
Lycopus americanus Polygonum neglectum 
Oxalis stricta Potamogeton sp. 
Panicum dichotomiflorum Rorippa palustris 
Panicum rigidulum Rorippa sessiliflora 
Paspalum leave Rumex altissimus 
Penthorum sedoides Rumex crispus 
Persicaria hydropiperoides Rumex sp. 
Phalaris arundinacea Sagittaria latifolia 
Phleum pretense Salix interior 
Phragmites australis Salix nigra 
Phyla lanceolata Senecio glabellus 
Quercus lyrata Setaria faberi 
Rumex crispus Sida spinosa 
Sagittaria latifolia Typha angustifolia 
Salix nigra Typha x glauca 
Scirpus atrovirens Typha latifolia 
Solidago canadensis Urochloa platyphylla 
Spirodela polyrhiza Xanthium strumarium 
Toxicodendron radicans  
Trifolium hybridum   
Trifolium pretense   
Typha angustifolia   
Typha latifolia  
Xanthium strumarium  
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APPENDIX B: AIC MODEL SELECTION TABLES FOR PLANTED TREE HEIGHT   
Table B.1. AIC model selection for planted tree height in time period 1  
Model K N AIC ∆AIC Likelihood AIC wi R
2
 
Elevation + Species 2 245 1089.74 0 1 0.257 0.098 
Light at 1 m + Species 2 245 1090.09 0.35 0.839 0.215 0.100 
Total duration 1 + Species 2 245 1090.12 0.38 0.827 0.212 0.095 
Consecutive duration 1 + Species 2 245 1090.23 0.49 0.783 0.201 0.095 
Species 1 245 1092.78 3.04 0.219 0.056 0.073 
Light at water level + Species 2 245 1093.84 4.10 0.129 0.033 0.076 
Soil MS + Species 2 245 1094.42 4.68 0.096 0.025 0.073 
Light at 1 m 1 245 1102.39 12.65 0.002 0.000 0.034 
Elevation 1 245 1104.61 14.87 0.001 0.000 0.022 
Total duration 1 1 245 1104.95 15.21 0.000 0.000 0.019 
Consecutive duration 1 1 245 1105.18 15.44 0.000 0.000 0.018 
Null 1 245 1106.66 16.92 0.000 5.435E-05 0.000 
Light at water level 1 245 1107.98 18.24 0.000 2.809E-05 0.003 
Soil MS 1 245 1108.65 18.91 0.000 2.009E-05 0.000 
Note: Total duration 1 and Consecutive duration 1 were from June to September 2014. The models are listed with their number of 
parameters (K), sample size (N), AIC, ∆AIC, likelihood, AIC weight (wi) and R
2
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Table B.2. AIC model selection for planted tree height in time period 2  
Model K N AIC ∆AIC Likelihood AIC wi R
2
 
Consecutive duration 1&2 + Species 2 157 827.29 0 1 0.379 0.144 
Total duration 1&2 + Species 2 157 827.71 0.42 0.811 0.308 0.141 
Elevation + Species 2 157 828.05 0.76 0.684 0.259 0.140 
Light at 1 m + Species 2 157 832.83 5.54 0.063 0.024 0.113 
Soil MS + Species 2 157 834.01 6.72 0.035 0.013 0.106 
Species 1 157 834.95 7.66 0.022 0.008 0.101 
Light at water level + Species 2 157 835.39 8.10 0.017 0.007 0.110 
Total duration 1&2 1 157 840.18 12.89 0.002 0.001 0.034 
Consecutive duration 1&2 1 157 840.53 13.24 0.001 0.001 0.032 
Elevation 1 157 840.71 13.42 0.001 0.000 0.031 
Light at 1 m 1 157 843.03 15.74 0.000 0.000 0.017 
Soil MS 1 157 845.44 18.15 0.000 4.344E-05 0.001 
Null 1 157 845.64 18.35 0.000 3.930E-05 0.000 
Light at water level 1 157 845.65 18.36 0.000 3.911E-05 0.013 
Note: Total duration 1&2 and Consecutive duration 1&2 were from June 2014 to April 2015. The models are listed with their number 
of parameters (K), sample size (N), AIC, ∆AIC, likelihood, AIC weight (wi) and R
2
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Table B.3. AIC model selection for planted tree height in time period 3  
Model K N AIC ∆AIC Likelihood AIC wi R
2
 
Soil MS + Species 2 99 541.40 0.00 1 0.218 0.160 
Herbivory + Species 2 99 541.84 0.44 0.803 0.175 0.157 
Species 1 99 542.37 0.97 0.616 0.134 0.135 
Light at 1 m + Species 2 99 542.45 1.05 0.592 0.129 0.151 
Elevation + Species 2 99 542.95 1.55 0.461 0.100 0.147 
Total duration 1,2,3 + Species 2 99 543.01 1.61 0.447 0.098 0.147 
Consecutive duration 1,2,3 + Species 2 99 543.30 1.90 0.387 0.084 0.144 
Light at water level + Species 2 99 544.36 2.96 0.228 0.050 0.135 
Herbivory 1 99 548.00 6.60 0.037 0.008 0.065 
Light at 1 m 1 99 552.39 10.99 0.004 0.001 0.023 
Null 1 99 552.69 11.29 0.004 0.001 0.000 
Total duration 1,2,3 1 99 553.92 12.52 0.002 0.000 0.008 
Elevation 1 99 553.94 12.54 0.002 0.000 0.008 
Soil MS 1 99 554.01 12.61 0.002 0.000 0.007 
Consecutive duration 1,2,3 1 99 554.04 12.64 0.002 0.000 0.007 
Light at water level 1 99 554.66 13.26 0.001 0.000 0.000 
Note: Total duration 1,2,3 and Consecutive duration 1,2,3 were from June 2014 to August 2015. The models are listed with their 
number of parameters (K), sample size (N), AIC, ∆AIC, likelihood, AIC weight (wi) and R
2
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APPENDIX C: AIC MODEL SELECTION TABLES FOR PLANTED TREE DIAMETER  
Table C.1. AIC model selection for planted tree diameter in time period 1  
Model K N AIC ∆AIC Likelihood AIC wi R
2
 
Light at water level 1 245 -341.14 0 1 0.468 0.117 
Soil MS 1 245 -339.17 1.97 0.373 0.175 0.028 
Null 1 245 -337.99 3.15 0.207 0.097 0.000 
Light at water level + Species 2 245 -336.88 4.26 0.119 0.056 0.145 
Total duration 1 1 245 -336.32 4.82 0.090 0.042 0.004 
Light at 1 m 1 245 -336.17 4.97 0.083 0.039 0.002 
Elevation 1 245 -336.08 5.06 0.080 0.037 0.004 
Consecutive duration 1 1 245 -336.04 5.10 0.078 0.037 0.001 
Soil MS + Species 2 245 -334.80 6.34 0.042 0.020 0.054 
Species 1 245 -333.69 7.45 0.024 0.011 0.030 
Total duration 1 + Species 2 245 -332.03 9.11 0.011 0.005 0.036 
Light at 1 m + Species 2 245 -331.83 9.31 0.010 0.004 0.031 
Elevation + Species 2 245 -331.79 9.35 0.009 0.004 0.034 
Consecutive duration 1 + Species 2 245 -331.74 9.40 0.009 0.004 0.032 
Note: Total duration 1 and Consecutive duration 1 were from June to September 2014. The models are listed with their number of 
parameters (K), sample size (N), AIC, ∆AIC, likelihood, AIC weight (wi) and R
2
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Table C.2. AIC model selection for planted tree diameter in time period 2 
Model K N AIC ∆AIC Likelihood AIC wi R
2
 
Light at water level 1 157 -127.35 0 1 0.353 0.103 
Soil MS 1 157 -126.16 1.19 0.552 0.194 0.025 
Null 1 157 -125.05 2.30 0.317 0.112 0.000 
Light at water level + Species 2 157 -124.15 3.20 0.202 0.071 0.155 
Light at 1 m 1 157 -123.36 3.99 0.136 0.048 0.001 
Total duration 1&2 1 157 -123.20 4.15 0.126 0.044 0.014 
Consecutive duration 1&2 1 157 -123.16 4.19 0.123 0.043 0.011 
Elevation 1 157 -123.02 4.33 0.115 0.040 0.008 
Soil MS + Species 2 157 -122.83 4.52 0.104 0.037 0.083 
Species 1 157 -121.81 5.54 0.063 0.022 0.063 
Light at 1 m + Species 2 157 -120.07 7.28 0.026 0.009 0.063 
Total duration 1&2 + Species 2 157 -120.01 7.34 0.025 0.009 0.076 
Consecutive duration 1&2 + Species 2 157 -119.96 7.39 0.025 0.009 0.074 
Elevation + Species 2 157 -119.81 7.54 0.023 0.008 0.071 
Note: Total duration 1&2 and Consecutive duration 1&2 were from June 2014 to April 2015. The models are listed with their number 
of parameters (K), sample size (N), AIC, ∆AIC, likelihood, AIC weight (wi) and R
2
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Table C.3. AIC model selection for planted tree diameter in time period 3 
Model K N AIC ∆AIC Likelihood AIC wi R
2
 
Light at water level 1 99 -49.68 0 1 0.159 0.077 
Null 1 99 -49.43 0.25 0.882 0.140 0.000 
Soil MS 1 99 -49.37 0.31 0.856 0.136 0.005 
Herbivory 1 99 -48.87 0.81 0.667 0.106 0.034 
Consecutive duration 1,2,3 1 99 -47.90 1.78 0.411 0.065 0.012 
Light at 1 m 1 99 -47.83 1.85 0.397 0.063 0.000 
Total duration 1,2,3 1 99 -47.73 1.95 0.377 0.060 0.011 
Elevation 1 99 -47.67 2.01 0.366 0.058 0.008 
Light at water level + Species 2 99 -47.23 2.45 0.294 0.047 0.121 
Species 1 99 -46.93 2.75 0.253 0.040 0.047 
Soil MS + Species 2 99 -46.48 3.20 0.202 0.032 0.047 
Herbivory + Species 2 99 -45.83 3.85 0.146 0.023 0.066 
Consecutive duration 1,2,3 + Species 2 99 -45.39 4.29 0.117 0.019 0.061 
Light at 1 m + Species 2 99 -45.32 4.36 0.113 0.018 0.047 
Total duration 1,2,3 + Species 2 99 -45.23 4.45 0.108 0.017 0.061 
Elevation + Species 2 99 -45.19 4.49 0.106 0.017 0.059 
Note: Total duration 1,2,3 and Consecutive duration 1,2,3 were from June 2014 to August 2015. The models are listed with their 
number of parameters (K), sample size (N), AIC, ∆AIC, likelihood, AIC weight (wi) and R
2
. 
 
